Recent research has shown that the standard labor matching model has di¢ culties in reproducing the co-movement patterns observed in US data. This is due to the fact that the standard model lacks su¢ cient propagation of shocks. This paper shows that re…ning the informational structure of the model leads to improvements along this dimension: when agents cannot separately identify persistent and transitory technology shocks on impact (so that they must solve a signal extraction problem), shocks are propagated. Under this speci…cation the standard matching model even manages to make recoveries initially jobless, as in the data.
Introduction
The literature on labor market matching models has recently been extended with some notable contributions that highlight the di¢ culties the standard model has in replicating the co-movement patterns of variables observed in US data. In particular, Fujita and Ramey (2007) and Hagedorn and Manovskii (forthcoming) the contemporaneous correlations of key labor market variables with productivity are too high in the model. They attribute this failure to a lack of shock propagation: in the standard model, …rms adjust labor input immediately after a shock has hit, while the data suggest a much more gradual response.
This suggests that vacancies are too sensitive to productivity shocks in the model. To overcome this di¢ culty, Fujita and Ramey (2007) introduce a sunk cost for the creation of vacancies. This turns vacancies into a predetermined variable, as a result of which they no longer peak on impact of the shock. As shown in their paper, this modi…cation manages to increase the propagation of shocks substantially. To what extent sunk vacancy creation costs play a role in reality however remains to be seen as there is little direct empirical evidence on this.
Moreover, as noted in Hagedorn and Manovskii (forthcoming) , the sunk vacancy creation cost model also generates a near-one correlation between labor market tightness and productivity, which is higher than the one observed in US data.
1 Consequently, these authors take a di¤erent approach in solving the aforementioned problems and introduce a lag in vacancy posting, so that vacancies created today only enter the labor market (that is: the matching function) k periods from now.
2 They motivate this lag by noting that it may take "…rms time to infer that an aggregate productivity change has occurred" (p. 4).
This paper is similar in nature, but uses a …ner informational structure to capture the notion that …rms may need some time to realize that productivity has changed. In particular, instead of introducing an ad hoc lag in vacancy postings, this paper models the signal extraction process that is associated with this type of problem.
In a standard matching setup, it is always assumed that the nature of shocks is fully clear as soon as they materialize: agents know the model structure and to the extent that the model contains both persistent and transitory shocks, agents immediately observe which of the two has hit their economy. Unfortunately, things are less clear in reality: there, recessions and expansions generally cannot be identi…ed in real time (there exists an announcement lag because there is uncertainty on the contemporaneous state of the economy; cf. Orphanides and Van Norden 2002) , nor do they come with clear information on their exact length and …erceness. In modeling terms this implies that people are imperfectly informed on the extent to which their economy has been hit by a persistent, or a transitory shock. Only by observing tomorrow's state, agents are able to extract some additional information on the nature of today's shock, which they can subsequently use to update their beliefs about the contemporaneous state of the economy.
3 Consequently, with respect to taking decisions with some element of irreversibility in them (such as hiring and …ring decisions), there exists an option value to waiting, as waiting provides you with valuable additional information (see Willems and Van Wijnbergen 2009, who analytically show that this option value exists in a labor market setting).
The contribution of this paper is intended to be twofold: …rst, it demonstrates how a standard labor matching model can be solved under the assumption of imperfect information by employing the Kalman …lter. Second, it shows that once one allows for this feature, the model performs much better in propagating productivity shocks. This paper is structured as follows. First, Section 2 describes the standard matching model, after which Section 3 explains how the model can be solved under imperfect information. Section 4 then discusses the calibration, after which Section 5 shows that the introduction of the so-called "persistent-transitory shock confusion" improves the ability of the standard matching model to propagate productivity shocks. Section 6 checks the robustness of this result and Section 7 concludes.
Model description
Let there be a unit mass of individuals available for a job and an in…nite mass of small …rms, indexed by i. The labor market is subject to matching frictions of the Diamond-Mortensen-Pissarides type as described in Pissarides (2000, Chapter 1). Each period, matches are formed via the following aggregate matching function:
The number of matches formed thus depends on the number of unemployed workers, u t , and the total number of vacancies posted, v t = R v i;t di. Here, v i;t represents the number of vacancies posted by …rm i, while the scalar A in equation (1) captures the e¢ ciency of the matching technology.
Every period, all matched worker-…rm pairs produce z t . The latter is assumed to be the product of a persistent component ( t ) and a purely transitory one ( t ):
where 2 (0; 1) and " s;t N (0; 2 s ), s 2 f ; g.
4
By de…ning as the labor market tightness parameter
one can write the probability that a vacancy is …lled as:
Equivalently, the probability that an unemployed worker …nds a job equals:
Every period, an exogenous fraction x of all matches is assumed to be destroyed. Consequently, employment for each …rm i evolves according to:
where all …rms take the matching probability q( t ) as given. Total output of …rm i is given by:
As the labor force is normalized to 1, the unemployment rate equals:
4 One could interpret the transitory shock t as a truly transitory productivity shock or as statistical noise of which agents only …nd out ex post that it has not materialized (see e.g. Bom…m 2001 for an example of the latter interpretation). Although these two interpretations are not mutually exclusive for large parts of this paper, this distinction does for example matter when the model is going to be confronted with the data. To minimize deviations from the standard model (which has only one shock, namely the persistent one), I will follow Bom…m (2001) in the data confrontation step and interpret t as statistical noise and use the persistent productivity shock t to calculate correlations with.
5 Note that my notation is such that all variables carry the subscript that indicates the time period in which they were decided upon. Hence, n t is a choice variable in period t, while it is a state variable for period t + 1.
with n t 1 = R n i;t 1 di. Knowing that per period real vacancy posting costs equal ; each …rm i sets its next period's level of employment (n i;t ) via the number of posted vacancies (v i;t ) so as to maximize the discounted stream of expected real pro…ts:
subject to production function (9) and the law of motion for employment (8). The …rm's …rst order conditions then read:
Here, t is the time t Lagrange multiplier on the employment constraint. It represents the time t value of having a match for the …rm, which is equal to the discounted expected value of next period's pro…t, augmented with the expected continuation value into period t + 2. We can combine the …rst-order conditions to yield:
This is the job creation condition and states that, at the optimum, the expected cost of hiring a worker should equal the expected value of a match.
By now, we only need to …nd an expression for the real wage rate, w t . Under the assumption that workers and …rms Nash-bargain on the matching surplus (with bargaining weights ! and (1 !) ; respectively) we get that:
Hence, workers receive a real wage that is equal to their outside option b, augmented with a fraction ! of the value of their marginal productivity in excess of b, plus the average vacancy posting cost an employer saves as long as a match is sustained.
Solution method
After dropping the i-subscripts by symmetry, the equilibrium for this model is de…ned as:
De…nition 1 A set of sequences for m t ; t ; q( t ); p( t ); y t ; n t ; u t ; v t ; w t ; z t ; t ; t satisfying equations (1)- (12) augmented with initial values for productivity ( 0 and 0 ) and an initial level of employment (n 0 ).
The model can be solved by log-linearizing these equations around the deterministic steady state. In the full information case -where the agents in the model contemporaneously observe the decomposition of the aggregate productivity shock (z t ) into its persistent ( t ) and transitory ( t ) component -we can de…ne the state of the system as X t 1
(where a hat above a variable indicates a log-deviation from the variable's steady state). Subsequently, we can write the model in state space form:
where
, and the dynamic choice variable b v t obeys:
One can then solve the model by standard methods, such as Blanchard and Kahn (1980) . When information is imperfect, the solution method is slightly more involved however. 6 Here, the informational imperfection consists of the fact that agents can only see the sum of the persistent and transitory component of productivity. That is: next to employment n t 1 , they only observe z t . Consequently, they are unable to identify t and t contemporaneously. Only as more information arrives over time, they can form an idea on what type of shock hit them in the past by solving the signal extraction problem.
They do this in the following way. De…ne the exogenous state vector as Z t h b t b t i 0 . As these two variables are not separately identi…ed, agents need to form a contemporaneous estimate of this state. If we refer to this estimate as Z tjt , the system can be represented as:
However, to solve the system completely, we also need to …nd the law of motion for the estimate of the imperfectly observed state (Z tjt ), i.e. we have to solve for matrices W 21 and W 22 . As the problem is linear, the optimal way to update the state estimate is through the Kalman …lter, which the agents in this model are assumed to do.
The Kalman …lter updating equation reads:
where K is the Kalman gain matrix. It is given by:
In the above equations, D represents a selection matrix that determines which variables the agents in the model are able to observe. In this case, the exogenous, observable state Y t is thus given by Y t = DZ t = b z t . The evolution of Y t occurs according to:
Plugging this into the Kalman …lter updating equation (and using that W 12 = 0 2 2 ) yields:
From this equation, we can read the matrix expressions for W 21 and W 22 . Hence, with imperfect information the evolution of the imperfectly observed state is described by:
At this stage, one should note that certainty equivalence applies (see Baxter et al. 2011) , which means that:
where X t 1jt 1 b n t 1 Z t 1jt 1 0 (recall that the level of employment is assumed to be perfectly observable, as a result of which b n tjt = b n t ; 8t). Here, certainty equivalence implies that even though …rms know that they only have an imperfect estimate of the true state, their actions are still as if they have full information. Using this, one can write the solution to the system under imperfect information as: 2
where:
4 Calibration
Labor market
The model is calibrated at a quarterly frequency. I set the discount factor equal to its standard value of 0:99. The matching elasticity parameter is set at 0:5, which is in line with the empirical evidence surveyed in Petrongolo and Pissarides (2001) . To abstract from any externalities, I assume that the Hosios-condition holds and set the bargaining weight for workers (!) equal to 0:5 as well. As in Fujita and Ramey (2007) , the steady state unemployment rate is set equal to 0:08. Following Den Haan et al. (2000) , I set the steady state …rm matching rate q( ) equal to 0:7. The steady state job …nding probability p( ) = q( ) is set at 0:6 to match the average duration of unemployment of 1:67 quarters (Cole and Rogerson, 1999) .
To solve the so-called "Shimer (2005)-puzzle" (in short, the lack of shock ampli…cation in the standard matching model 8 ) -which is not the aim of this paper -I follow the solution o¤ered by Hagedorn and Manovskii (2008) and pick a rather high value for b.
9 In particular, I set b equal to 0:9 (so as to bring the standard deviation of tightness in the benchmark model closer to its empirical counterpart).
Finally, the value of the vacancy posting cost parameter is obtained via the steady state job creation condition and equals 0:0974 for the above parameterization. 8 More precisely, the Shimer-puzzle refers to the fact that the matching model fails to reproduce the volatility of labor market tightness ( ) observed in reality. Shimer (2005) shows that this ratio is ten times more volatile in US data than in the model for standard calibrations.
9 Note that the aim of this paper is to increase the model's ability to propagate shocks, which is di¤erent from the ampli…cation issue. Also see the discussion in Fujita and Ramey (2007) .
Shocks
Following the RBC-literature, the process for the persistent component of productivity ( b t ) is assumed to follow an AR(1) with its persistence parameter equal to 0:95 and a standard deviation of 0:008. The parameter that remains to be calibrated ( ) is a crucial one. This is the standard deviation of the transitory noise component of the productivity shock. Consequently, 2 = 2 can be de…ned as the signal-to-noise ratio. In line with Bom…m (2001) 10 and based upon more recent work by Blanchard et al. (2009, who have estimated to lie close to unity), I set the signal-to-noise ratio in my benchmark calibration equal to one. In Section 6, I carry out some robustness checks by discussing the results for di¤erent signal-to-noise ratios.
Model dynamics under imperfect information

Propagation of shocks
Because agents only observe the sum of the persistent and transitory component of aggregate productivity, they can only …nd out what type of shock hit them in the past as more information arrives over time. Figure 1 depicts this signal extraction process in response to a persistent, one standard deviation, positive productivity shock for the benchmark calibration. As can be seen from the …gure, agents initially place some weight on the possibility that the shock is just transitory. However, as time passes, agents note that productivity is high for several periods, and they start to put more weight on the possibility that they have been hit by a persistent shock. For this benchmark calibration, the di¤erence between the true and estimated shock becomes negligibly small after three quarters. This seems reasonable given the fact that NBER business cycle turning points are announced with an average lag of about four quarters. This is caused by the fact that matching frictions make labor adjustment costly, as a result of which …rms do not want to respond to transitory shocks, while they 11 See the announcement dates on http://www.nber.org/cycles/main.html.
would like to react to persistent ones. But as employers can only disentangle the two over time, they respond less enthusiastically on impact when they are still uncertain about the nature of a shock. That is: there exists an option value to waiting.
Consequently, tightness obtains a hump-shaped response with a muted reaction on impact, thereby making the adjustment of labor input more lagged as well -both in line with the empirical evidence (see Fujita and Ramey 2007, Figure 4) .
To learn more about the model's internal propagation, it is also instructive to look at the IRFs to a purely transitory shock (that is: a shock to ). Then, all spillovers to future periods stem from the internal propagation of the model. Figure 3 shows these IRFs. As can be seen from the …gure, employers in the full information case show no response to this shock at all: vacancy postings do not move. The reason is that next period (when a fraction of the vacancies posted will result in new jobs, at the earliest) things are as before again, and employers realize this on impact of the shock. With imperfect information on the other hand, vacancy postings do move, as …rms then believe that there is a possibility that the shock is in fact going to persist, to which they want to guard themselves by posting additional vacancies. This sets o¤ the dynamics for tightness and employment shown in the …gure. Under the benchmark calibration, a one standard deviation transitory shock pushes employment away from its steady state value for about …ve quarters. So in this setting, purely transitory shocks (potentially even pure noise) can have relatively long-lasting e¤ects on employment; in fact, a series of purely transitory shocks already generates an employment cycle.
To get a better idea on the impact of informational imperfections on the actual path followed by employment, Figure 4 displays part of a simulated series for b n t under the assumption of both perfect and imperfect information, in response to the same path for productivity (displayed in the upper panel of the …gure). As can be seen from Figure 4 , the model with imperfect information indeed makes labor adjustment more lagged: whereas the series for productivity and employment tend to reach their turning points around the same quarter under full information, this is no longer the case when information is imperfect (a phase shift has occurred). Consequently, the model with informational imperfections even succeeds in generating episodes of jobless growth.
12 This corresponds well with reality where the em-ployment cycle also tends to lag the cycles for output and productivity -especially since the 1980s (cf. Willems and Van Wijnbergen 2009) . As can be read from Table 1 , the introduction of informational imperfections also has its impact on unconditional, HP(1600)-…ltered correlations. Although the correlation between unemployment and productivity undershoots its US data equivalent in absolute value compared to the full information solution, the other correlations do move in the desired direction. Most notably, the correlation between vacancies and productivity falls from 0:927 to 0:810, while the correlation between productivity and labor market tightness falls from 1:000 to 0:855. Although this is still above the corresponding value in US data (which equals 0:719 as reported by Hagedorn and Manovskii (forthcoming)), this is a substantial reduction. In particular, it is similar to the reduction that Hagedorn and Manovskii (forthcoming) achieve in a reduced form way via the introduction of a three month planning lag for vacancies. 
Ampli…cation of shocks
What does the introduction of imperfect information imply for the ampli…cation of shocks? That is: is the model still able to match the volatility of our key labor market variables? For vacancies, we can actually give an analytical answer to this question, which is done through the following proposition. Proposition 1. Under imperfect information the volatility of vacancies is lower than in the full information case. Proof. The proof follows Nimark (2008) . Recall that vacancies equal g 0 X t 1 under full information and g 0 X t 1jt 1 in the imperfect information case. Adding these two as productivity (and output, which is not displayed in the …gure), and there is no jobless growth. A similar situation occurs at the beginning of the sample: there, productivity shows a hesitant recovery as of quarter 7. However, as the persistence of this movement is not immediately clear to the agents in the model with imperfect information, it takes up to quarter 12 until employment increases. With full information, employment increases as of quarter 9 already.
quantities up enables us to start from the following identity:
Rearranging yields:
This says that the full information solution is the sum of the solution under partial information and a linear function of the estimation error. Given the optimality of X t 1jt 1 , X t 1 X t 1jt 1 is orthogonal to X t 1jt 1 . Consequently, the covariance between these two terms equals zero and we get that:
e. the variance of vacancies in the presence of informational imperfections is lower than that in the full information case.
As can be seen from the proof, the reduction in the volatility of vacancies is positively related to the variance of the contemporaneous prediction error of the state (given by E h X t 1 X t 1jt 1 X t 1 X t 1jt 1 0 i ). However, the proposition does not tell us anything about the magnitude of this e¤ect for the standard calibration. To get an idea on the latter, I calculated the standard deviations of n, v and in a simulated series and compared them with the empirical values of these variables reported by Fujita and Ramey (2007) . As one can see from Table 2 , the introduction of informational imperfections indeed reduces the volatility of our labor market variables. But this e¤ect turns out to be small. The reason is that informational imperfections introduce two opposing forces that nearly cancel each other for my benchmark calibration: on the one hand, they mute the response to persistent shocks (as agents initially believe that there is a positive probability that they are only of a transitory nature), but on the other hand, they amplify the response to transitory ones by the symmetric argument.
13 Table 2 shows that, on balance, the former e¤ect slightly outweighs the latter, but that the quantitative impact is very small.
6 Sensitivity to di¤erent signal-to-noise ratios
As noted before, the signal-to-noise ratio is a key parameter in any model with informational imperfections of the kind discussed in this paper. But as it is not easy to estimate this parameter, there is considerable uncertainty about its true value. The only thing we probably know is that the value of this parameter is smaller than in…nity (which corresponds to the full information case). Therefore, this section checks the robustness of the aforementioned results to di¤erent values for . Figure 5 shows the IRFs to a persistent productivity shock for our baseline calibration ( = 1), as well as those for cases in which the signal is more informative (viz.
= 2 and = 4). 14 All other parameters are as before and the case where = 10 9 represents the full information solution. Unsurprisingly, the internal propagation of the model is decreasing in the signalto-noise ratio. More interestingly, the model's ability to produce a hump-shaped response in the tightness parameter survives up to values of as high 4 (well above the available estimates on this parameter). There are however also good reasons to believe that is in fact smaller than one, especially in particular circumstances. Mankiw et al. (1984) already reported a signal-to-noise ratio as low as 0:56, while all aforementioned estimates are essentially averages over both the booms and recessions that were included in the samples underlying the various studies. But as shown in Van Nieuwerburgh and Veldkamp (2006) and Bloom et al. (2010) , uncertainty tends to evolve countercyclically. Consequently, is likely to be smaller than 1 in and around recessions, when labor 14 The increase in the signal-to-noise ratio is established by decreasing the variance of the transitory shock adjustment is particularly important.
15 Therefore, Figure 6 shows the responses of the system to a persistent productivity shock for = 0:5 and = 0:25 along with the full information solution and the benchmark case where equals one.
Note that the model's ability to propagate shocks increases quite rapidly in . Combining the observation that the propagation of shocks is increasing in the degree of uncertainty with the …nding that uncertainty tends to be high at the end of recessions (cf. Bloom et al. 2010) yields an explanation for the fact that labor adjustment tends to occur so slowly in the early stages of recoveries (leading to cases of jobless growth that are even more severe than those displayed in Figure 4 ).
Conclusion and directions for future research
This paper studies the behavior of the standard labor market matching model under imperfect information. Agents in the model are imperfectly informed on the extent to which their economy has been hit by transitory and/or persistent shocks, as they are not separately identi…ed on impact. Only by solving a signal extraction problem, agents are able to disentangle the two over time.
It is shown that the introduction of this persistent-transitory shock confusion improves the standard matching model's ability to propagate shocks: vacancies now show a persistent and hump-shaped response, as a result of which labor adjustment is much more gradual and recoveries are initially jobless (as observed in US data).
An important next step along this line of research could be the introduction of informational imperfections in a full dynamic stochastic general equilibrium matching model. At least since Cogley and Nason (1995) we know that the standard RBCmodel lacks internal propagation as well. Andolfatto (1996) shows that augmenting the RBC-model with labor market matching frictions yields some propagation of shocks, but as argued in Den Haan et al. (2000) , it still falls short of its empirical counterpart. Potentially, informational imperfections can improve the model's performance in this setting as well.
Moreover, enriching the imperfect information matching model with an intensive margin (hours and/or e¤ort), which is not characterized by irreversibilities, may increase the ampli…cation of shocks in the model. This relates to earlier work by Burnside et al. (1993) , where …rms must choose the size of the labor force before they can observe the state of the economy. After observing the realization of the shock, they can only vary work intensity as a result of which e¤ort turns procyclical (which ampli…es the shocks). As Burnside et al. do not model labor adjustment costs explicitly, their model is basically a reduced-form representation of a model in which it is in…nitely costly to make within quarter adjustments on the extensive margin. Informational imperfections as in the present paper could have a similar e¤ect (as they also make …rms less eager to adjust the extensive margin on impact of a shock, due to the option value of waiting) and may hence contribute to the ampli…cation of shocks in DSGE-models.
Finally, it would also be interesting to investigate how the model behaves when the signal-to-noise ratio ‡uctuates countercyclically over time, as it seems to do in reality. Quite possibly, this could replicate the business cycle asymmetries in labor adjustment as for example reported by Acemoglu and Scott (1994) .
